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Water resources of the interior plains region of North America may be adversely affected by climate
warming. The climate records of the Battleford region (west central Saskatchewan) indicate that mean
annual temperatures have risen by 0.71 1C and mean annual minimum temperatures have risen by
1.03 1C from 1894 to 2007. Snowfall has also increased but total precipitation has not. Concomitant
with periodic declines in precipitation, lake elevation has declined and salinity has increased in Jackﬁsh
and Murray lakes from 1938 to 2004. This long term increase in salinity is predicted to have caused an
approximate 30% loss in diversity of macrobenthos. Phosphorus concentrations have also increased
signiﬁcantly, and Jackﬁsh and Murray lakes would be classiﬁed as eutrophic by freshwater trophic
indices. However, despite large increases in nutrients in both lakes, algal biomass has not increased and
water transparency has not decreased. Although the total amount of planktonic biomass in Jackﬁsh and
Murray’s food web is similar to that of freshwater lakes, these lakes contain very low algal biomass
(measured as chlorophyll a). In fact, such low algal biomass has not been previously observed in such
dilute systems. The algal community in these shallow Prairie lakes appears to be very sensitive to slight
changes in climate, and future climate driven increases in salinity of prairie lakes may result in large
reductions in algal primary productivity.
& 2010 Elsevier GmbH. All rights reserved.Introduction
Many Prairie lakes evaporated in the mid-Holocene, when
atmospheric temperatures were relatively warm (Schindler,
2001). Current global temperatures are as high as the Holocene
maximum and may be within 1 1C of maximum temperatures of
the past million years (Hansen et al., 2006). Temperatures are
expected to continue to rise in southern Canada (Schindler and
Donahue, 2006; Zhang et al., 2000; IPCC, 2001) and will likely
exceed those of the mid-Holocene (Schindler, 2001). According to
Zhang et al. (2000) the Canadian Prairies have seen the greatest
rise in temperature in Canada (1.5 1C from 1900–1998). This
increase in the mean annual temperature has resulted from a
large increase in the mean minimum temperature and a small
increase in the mean maximum temperature (Zhang et al., 2000).
The increase in the mean minimum temperature is related to a
decrease in the number of extreme minimum temperature
occurrences during winter, particularly in January (Lawson, 2003).
Northern Prairie lakes are shallow water bodies that formed in
the past 15,000 years from quaternary glacial activity (Hammer,
1984). Over this period, the drying and subsequent reﬁlling ofH. All rights reserved.
306 966 4461.prairie lakes has been a cyclical event, dependent on long term
changes in climate (Teller and Last, 1982). The climate of the
interior plains of North America has been variable (Laird et al.,
2003). The interior plains are characterized as semi-arid with a
negative moisture balance (precipitation minus evapotranspira-
tion), with potential evaporation exceeding precipitation often by
40–60 cm yr1 (see Fig. 1 of Pham et al., 2008). Recent (o100 yr)
increases in prairie temperatures (Zhang et al., 2000) have likely
increased evaporation rates in prairie lakes, and this in turn may
cause a decline in water levels and a concomitant increase in
salinity through evapoconcentration (Webster et al., 1996; Pham
et al., 2008). Declines in water level and increases in salt
concentrations have strong effects on the physical, chemical and
biological characteristics of lakes (Hammer, 1986; Williams, 1998).
A climate-driven rise in salt concentrations may alter the
structure and diversity of biological communities, particularly in
the concentration range of 3000–10,000 mg L1 of total dissolved
solids (TDS) (Williams, 1998). The diversity of phytoplankton,
macrophytes and zooplankton decreases rapidly between salt
concentrations of 1000–10,000 mg L1 TDS (Hammer, 1990;
Williams, 1998; Nielsen et al., 2003; Estrada et al., 2004;
Kipriyanova et al., 2007). In addition, phytoplankton biomass in
saline lakes is signiﬁcantly less for a given total phosphorus (TP)
concentration when compared to freshwater lakes (Campbell and
Prepas, 1986; Robarts et al., 1992; Evans and Prepas, 1997). Despite
Fig. 1. A map of the study lakes (Jackﬁsh and Murray). Inset shows the location of
the Jackﬁsh and Murray lakes within Canada. The majority of surface water ﬂows
into Jackﬁsh L. from two creeks, Jackﬁsh Creek and Lehman’s Creek. Surface water
entering Murray L. is supplied primarily by Lost Horse and Crystal Creeks
(Sketchell, 2002). Jackﬁsh and Murray L. are connected by Lehman creek at the
village of Cochin. The arrow is pointing north. Map modiﬁed from the Natural
Resources of Canada online topographic map website.
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50 mg L1 (Campbell and Prepas, 1986), high pH in combination
with elevated concentrations of dissolved organic carbon (DOC)
and salt may bind phosphate (PO4) in prairie saline lakes, rendering
PO4 unavailable to phytoplankton (Waiser and Robarts, 1995).
Jackﬁsh and Murray lakes are located in the interior plains of
North America (Fig. 1). Jackﬁsh and Murray lakes are expected to be
sensitive to climate change because of their semi-arid watershed and
shallow basins. Both lakes have historically been classiﬁed as
subsaline (1–3 g L1) with Jackﬁsh L. recently becoming saline
(43 g L1). Salinity in these lakes is anticipated to continue to
increase as a result of evapoconcentration if temperatures increase in
the interior plains as predicted. Historical limnological information for
Jackﬁsh and Murray lakes extends back to the pioneering work of
Donald Rawson (Rawson and Moore, 1944). This combined with the
potential sensitivity of Jackﬁsh and Murray lakes to climate change
render these lakes useful for the study of climate warming on the
Prairies. The objectives of this study are as follows:1.
Table 1
Limnological characteristics of Jackﬁsh and Murray Lakes.
Parameter Jackﬁsh lake Murray lakeDetermine if climate warming is occurring in the region of
Jackﬁsh and Murray lakes as proposed for the greater Prairie
region (Zhang et al., 2000) by applying linear regression
analysis to the meteorological record (1894–2007).a
2.Maximum depth (m) 5.5 8.0
Mean depth (m)b 3.2 3.6
Surface area (km2)a 62 16
Volume (km3)b 0.263 0.052Analyze climate effects on key limnological characteristics of
the two lakes (e.g., water level, salinity, nutrient concentration
and limitation, algal and food web biomass) with linear
correlation analysis.TDS (mg L1)c 2360 9193.
Total phosphorus (mg L1)c 80 90
Dissolved organic carbon (mg L1)c 27 15
pHd 9.1 8.7
a Data from Oegema (1996) cited in Evans (2005).
b Data from Liaw (1978).
c Mean estimates taken during the 2007 ice-free period (data from the
Saskatchewan Watershed Authority).
d pH has remained at approximately 9 in both lakes, from the beginning of the
data set to present (Atton and Novakowski, 1956; Liaw, 1978).Provide baseline data against which future changes can be
assessed.
Materials and methods
Study area
Jackﬁsh and Murray lakes (Fig.1) are located approximately
30 km north of the city of North Battleford (SK) (531 40000 N, 1081240000 W). Both are shallow, well mixed, isothermal lakes (Liaw,
1978; Sketchell, 1999, 2000, 2001) (Table 1) with very high
indices of climatic exposure, 196 m and 46 m for Jackﬁsh and
Murray, respectively. The climate exposure index is deﬁned as the
ratio of lake area to mean depth (Magnuson et al., 1990). The
water supply to Jackﬁsh and Murray lakes is derived from a
combination of surface and groundwater sources (Oegema, 1996).
Groundwater may account for as much as 30% of total annual
inﬂow into both lakes (Oegema, 1996). In many years, inﬂow is
often only sufﬁcient to replace water loss to evaporation
(Oegema, 1996). The majority of surface water ﬂows into
Jackﬁsh L. from two creeks, Jack Fish Creek and Lehman’s Creek.
Surface water into Murray L. is supplied primarily by Lost Horse
and Crystal creeks (Sketchell, 2002). Jackﬁsh and Murray L. are
connected by Lehman creek at the village of Cochin. Spring runoff
accounts for the majority of the inﬂow into both lakes, with the
ﬂow in the creeks diminishing as the summer progresses
(Sketchell, 2002). Discharge into Jackﬁsh R. from Jackﬁsh L. has
been regulated over two extensive time periods (Don Dill,
personal communication, Saskatchewan Watershed Authority,
402, 1101–101st St. North Battleford, SK, S9A0Z5). In an attempt
to regulate decreasing water levels in Jackﬁsh Lake, authorities
constructed a dam on Jackﬁsh river that stood from 1932 to 1955
(Evans, 2005). Another dam was constructed, and since 1970
authorities have aimed to keep summer water levels at 529.44 m
above sea level (asl). As a result, discharge down Jackﬁsh R. has
been extremely variable from 1919 to 2008, ranging from 0 to
0.091 km3 annually.
Historical climate data
Temperature and precipitation data were obtained from
Environment Canada’s Battleford (from 1890 to 1941), North
Battleford (from 1942 to 2007) and North Battleford A (from
September to December, 2007) weather stations. All three
weather stations are in immediate proximity to one another and
are located approximately 30 km south of the study lakes. The
long term pattern in temperature was examined as annual means,
annual maxima (daytime highs), and annual minima (nighttime
lows). Our analysis examined means covered by the calendar
year; winter (December – February), spring (March – May),
summer (June – August), and fall periods (September – Novem-
ber). Total annual precipitation of snow and rain were also
examined. Methods for calculating precipitation are provided by
Environment Canada (http://www.climate.weatherofﬁce.gc.ca/cli
mate_normals/climate_info_e.html#2).
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Water elevation and annual discharge (for Jackﬁsh L. only),
salinity, total phosphorus, algal biomass (as chlorophyll a), pH and
Secchi disk depth were measured during the ice-free season in
each lake (beginning in 1919). Data were obtained from govern-
ment reports (Liaw, 1978; Sask Water, 1992) (Saskatchewan-
Watershed-Authority, 2005), published work (Kuehne, 1941;
Rawson and Moore, 1944; Naftel, 1965), and other sources
(Hammer and Evans, unpublished data; Saskatchewan Environ-
ment, unpublished data; Saskatchewan Environment and
Resource Management, unpublished data). Most measurements
were obtained from the surface waters in the pelagic region of
each lake (3–7 m depth). Many years lacked historical data, and
some years are better represented than others. An attempt to ﬁll
gaps in limnological data through averaging of existing data was
not attempted as gaps often spanned several years.
To determine if solutes (TDS, DOC, and TP) increased due to an
increase in mass, or through evapoconcentration (Webster et al.,
1996; Pham et al., 2008), we calculated the annual change in mass
of solutes in Jackﬁsh L. A similar analysis was not possible for
Murray L., as information on annual lake elevation was not
available. We calculated changes in lake volume using second-
order polynomial regression models of lake area versus depth and
lake area versus volume, derived from the lake area and volume
measurements at a mean lake elevation of 529.4 m (asl) (Table 2;
from Liaw, 1978). Lake volumes were multiplied by the solute
concentration for corresponding years to obtain the mass of solute
present. Solute concentrations were based on pelagic surface
water samples; however, solute concentrations tend to be
homogeneous both spatially (i.e., both near and off-shore) and
with depth in Jackﬁsh L. (Sketchell, 2000).Field methods
We have been measuring key limnological variables (plankton
biomass as particulate P and P limitation within the plankton
community) since 2002 to supplement the data base for Jackﬁsh
and Murray L. and to examine the effect of changing water
chemistry on plankton. Limnological parameters were measured
once in the summer of 2002, twice in the summer of 2003, and
once in the summers of 2004 through 2008. Recent limnological
measurements correspond temporally with historic data. Samples
were taken from a central location at a depth of 1 m in each lake.
Sample sites had a maximum depth44 m. Water was sampled
with a 6 L Van Dorn and placed in 20 L collapsible polyethylene
bags that had been washed (0.1% Liqui-Nox), rinsed (methanol)
and leached (0.1% HCL). These bags were transported to the
laboratory in coolers.Table 2
Area: volume (A:V) ratios at speciﬁc depths, in Jackﬁsh and Murray Lakes (Liaw,
1978). The A:V ratio increases with increasing depth in both lakes, particularly in
Jackﬁsh Lake.
Lake Depth (m) Area (km2) Volume (km3) Area:volume
Jackﬁsh 0 80.8 0.25541 316
2 63.58 0.11103 573
4 28.76 0.01869 1539
5.3 0 0 –
Murray 0 13.98 0.05007 279
2 9.66 0.02643 365
4 5.7 0.01107 515
6 3.16 0.00221 1430
7.4 0 0 –Laboratory methods
The degree of phosphorus deﬁciency in the pico- and
nanoplankton of Jackﬁsh and Murray lakes was determined at
ambient temperatures with radiophosphate uptake assays
(Hudson and Taylor, 2005). Four litres of lake water was added
to clear polyethylene containers (washed as above). Carrier-free
radiophosphate (33PO4
3, 130-2, 100 Bq ml1, ICN Biomedicals)
was added to each container, and then the container was sealed
and gently shaken. Planktonic uptake of radiophosphate was
monitored for approximately the ﬁrst 15 min. (range 8–90 min.)
of incubation. The change in dissolved radiophosphorus over time
(e.g., at 1, 3, 5, 8, and 12 min) was measured with syringe
ﬁltration (30 mm diameter polysulphone, 0.2 mm pore size,
Cameo) with 5–10 ml subsamples of the incubation container.
Aliquots of unﬁltered water (4 ml) were taken to determine total
radioactivity in each incubation. Radioactivity was measured by
liquid scintillation (Ecolumes counting ﬂuid) and corrected for
background radioactivity. Quenching of samples was not
detected.
Radiophosphorus activity remaining in the dissolved fraction
(i.e., total disintegrations per minute in ﬁltrate) over time was
ﬁtted with a polynomial function (Bentzen and Taylor, 1991). The
polynomial of best ﬁt (by eye) to the initial time series points (e.g.,
at times equal to 0, 1, 2, and 5 min) was used (Currie and Kalff,
1984; Bentzen and Taylor, 1991). The uptake constant (k) was
determined by taking the derivative of the polynomial at time
zero and dividing by the mean radioactivity in the unﬁltered
samples (Currie and Kalff, 1984; Bentzen and Taylor, 1991). The
reciprocal of this uptake constant is equal to the turnover time for
phosphate in the dissolved pool (o0.2 mm).
The remaining lake water was analyzed for TP, which was
calculated as the sum of dissolved and particulate P (Parsons et al.,
1984). Particulate P was analyzed in a similar manner to that
outlined in (Hudson and Taylor, 2005). Brieﬂy, quantities of P in
small particulate fractions (0.2–0.8, 0.8–2 and 2–40 mm) were
determined with syringe ﬁltration with polycarbonate ﬁlters
(Poretics). Quantities of P in larger fractions (40–200 and
4200 mm) were determined by serial ﬁltration with nylon
screens. Lake water was ﬁltered in the serial ﬁltration step to
obtain a more precise estimate of P in the large particulate
fractions (zooplankton).
Statistical analysis
Long-term trends in climatic and limnological variables were
analyzed with linear regression analysis. Synchronous patterns
between limnological and climatic variables were examined with
Pearson’s correlation analysis on standardized (Z-score) data.
Synchronous patterns between lake elevation and precipitation of
the corresponding year and the previous year (i.e., 1 yr lag) were
also analyzed. Normality and homogeneity of variances were
examined visually with probability plots. Autocorrelation of
residuals were determined with the Durbin–Watson D statistic.
Autocorrelation between residuals was not detected for any
variables. Statistical analyses were performed with Statistica v.
6.1 (StatSoft, Inc., Tulsa, Oklahoma).Results
Trends in climate
Mean annual and mean annual minimum temperature
increased by 0.72 and 1.03 1C from 1894 to 2007, respectively
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showed no signiﬁcant linear trend (Table 3). Analysis of mean
seasonal temperature revealed a weak but signiﬁcant positive
relationship between winter and year (December – February), and
between spring temperature and year (March – May) (Fig. 2A,
Table 3) with temperatures increasing by 2.1 and 1.2 1C,
respectively. A pattern was not observed for the other seasons.
Annual snowfall increased by 43.9 cm from 1892 to 2007 (Fig. 2B,
Table 3); however, a linear trend was not present in total
precipitation or in rainfall. Total snowfall for the year 1900 was
removed from the data set. We suspect that the total recorded
precipitation for this year (528 cm) was incorrect, because
adjacent weather stations did not report snowfall to this extent
in 1900.Trends in limnological parameters
The ice-free elevation of water in Jackﬁsh L. ﬂuctuated
between 528.91 and 530.17 m between the years of 1919–1980
(Fig. 3A). After 1980, the water level started to drop and by 2003 it
was approximately 528.22 m, the lowest recorded level to date
(Fig. 3A). A relationship between water elevation in Jackﬁsh L. and
total annual precipitation, snowfall or rain for corresponding
years was not observed. However, signiﬁcant positive correlations
between water elevation in Jackﬁsh L. and total annual
precipitation and rainfall for the previous year (i.e., 1 yr lag)
were observed (Fig. 3B, Table 4). The inﬂuence of precipitation on
water level was most evident in the summer of 2005, when water
levels rebounded quickly due to increases in precipitation
(Fig. 3B). Discharge from Jackﬁsh lake to the Jackﬁsh river was
extremely variable from 1919 to 2007 (range 0.0–0.091 km3
annually) and unrelated to climate variables, due to damming and
the regulation of the outﬂow.
The concentration of total dissolved solids (TDS) increased in
both Jackﬁsh and Murray lakes from 1938 to 2004 (Table 3).5
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Fig. 2. Climate data from the Battleford and North Battleford weather stations from 189
0.72 oC; whereas mean annual minimum temperatures increased by 1.03 1C. Mean maxi
temperatures (December–February) and mean spring temperatures (March–May) increa
annual rain and snowfall, was not observed (data not shown). Annual snowfall increasA signiﬁcant negative correlation between lake elevation (Jack-
ﬁsh) and TDS was observed (Fig. 4A, Table 4). TDS has declined
rapidly in recent years (2005–2008) as water levels have
increased (Fig. 4A). During 1940–2007, the concentrations of
dominant ions in Jackﬁsh L. (HCO3 , CO3
2 , Cl , Na+, SO4
2 and
Mg2+) have increased. Concentrations of HCO3
 have increased in
Murray lake from 1940–2007; whereas, concentrations of other
ions (Mg2+, Na+, SO4
-2, Cl , and CO3
2) have not changed (Table 3).
The mass of all measured ions have increased in Jackﬁsh L.
Dissolved organic carbon (DOC) concentrations in both lakes have
increased rapidly from the mid 1990s, reaching their highest
concentrations in 2004. However, the volume corrected mass of
DOC in Jackﬁsh L. has remained fairly constant at 851 kg ha1
(1999–2007). DOC concentrations were signiﬁcantly and
negatively correlated with lake elevation (Fig. 4B, Table 4).
Total phosphorus (TP) concentrations increased in both
Jackﬁsh and Murray lakes (Table 3). However, the increase in
the mass of P in Jackﬁsh L. has been small (Table 3). Phosphorus
concentrations were negatively correlated with lake elevation
(Fig. 4B, Table 4). Chlorophyll a concentrations and Secchi disk
depth did not follow a discernible trend (Table 3).
Although chlorophyll a concentrations were low in Jackﬁsh
and Murray relative to freshwater lakes (Fig. 5A), total plank-
tonic biomass (as total particulate P) in the food web of each
lake was similar to the biomass reported in a large set of
freshwater lakes (n¼54) (Hudson and Taylor, 2005) (Fig. 5b).
Chlorophyll a was not correlated with lake elevation, TDS,
concentrations of major ions, nor TP in either Jackﬁsh or Murray
lakes (Table 4).
Evans and Prepas (1997) have proposed that Fe and Mo were
important limiting nutrients in some hypereutrophic saline lakes.
Concentrations of Fe and Mo are not available for Jackﬁsh and
Murray lakes for a direct test of this hypothesis. However, we
addressed it indirectly by investigating the turnover times (TT) of
the dissolved PO4 pool for Jackﬁsh and Murray lakes with the TTs
of a large set of strongly P-limited freshwater lakes (Hudson and1960 1980 2000 2020
ear
Mean Winter Mean Spring
0–2007 [temperature (A) and snowfall (B)]. Mean annual temperature increased by
mum temperatures did not have a detectable trend (data not shown). Mean winter
sed by 2.1 and 1.2 1C, respectively. A trend in total annual precipitation, the sum of
ed 43.9 cm from 1892 to 2007.
Table 3
Linear regression analysis of mean annual climatic and mean limnological parameters [total dissolved solids (TDS), total phosphorus (TP), dissolved organic carbon (DOC),
chlorophyll a (chl a) and major ions (HCO3 , CO3
2 , Cl , Na+, SO4
2 , Mg2+)] during the growing season (May-Sept.). All temperature data are given in degrees Celsius.
Signiﬁcant relationships are highlighted in bold. Note that the range (years) denotes the time frame in which data was collected, whereas n denotes the number of years
within the time frame for which measurements were available.
Lake Parameter Linear regression statistics
Range (years) Slope r2 p-value F-stat D.F. n
Minimum temp. 1894–2007 0.009 0.09 0.002 10.469 108 109
Maximum temp. 1894–2007 0.001 0.0007 0.79 0.0741 108 109
Mean annual temp. 1894–2007 0.006 0.04 0.03 4.793 110 111
Winter (Dec.-Feb.) temp. 1892–2007 0.019 0.04 0.02 5.236 113 114
Spring (Mar.–May) temp. 1891–2007 0.011 0.03 0.05 3.806 114 115
Summer (Jun.–Aug.) temp. 1891–2007 0.0007 0.0007 0.77 0.084 114 115
Fall (Sept.–Nov.) temp. 1891–2007 0.005 0.01 0.32 0.980 114 115
Snowfall 1892–2007 0.396 o0.001 0.15 18.821 110 111
Total precipitation 1892–2007 0.352 0.02 0.08 3.048 110 111
Rainfall 1892–2007 0.131 0.004 0.50 0.448 110 111
Jackﬁsh TP (lg L1) 1971–2008 1.061 0.30 0.008 8.580 21 22
Mass of TP (Tonnes) 1971–2008 0.146 0.19 0.04 4.955 21 22
TDS (g L1) 1938–2007 21.148 0.53 o0.001 24.566 23 24
Mass of TDS (Tonnes) 1940–2007 2768 0.50 o0.001 22.878 24 25
Major ions (mg L1) 1940–2007 Z0.823 Z0.41 r0.01 Z8.933 14 15
Mass of major ions (Tonnes) 1940–2007 Z686 Z0.54 r0.002 Z15.02 14 15
DOC (mg L1) 1992–2007 1.218 0.14 0.23 1.608 11 12
Mass of DOC (Tonnes) 1992–2007 161 0.19 0.15 2.401 11 12
chl a (mg L1) 1974–2007 0 .021 0.03 0.55 0.362 15 16
Secchi depth (m) 1977–2007 0.0005 o0.001 0.96 0.003 16 17
Water level (m asl) 1919–2007 0.005 0.18 o0.001 13.871 66 67
Murray TP (lg L1) 1977–2007 1.715 0.38 0.02 7.479 13 14
Secchi depth (m) 1955–2007 0.014 0.20 0.10 3.246 14 15
DOC (mg L1) 1998–2007 0.534 0.07 0.47 0.571 9 10
TDS (g L1) 1940–2007 5.318 0.27 0.04 5.067 15 16
Major ions (mg L1) 1940–2007 r1.611 r0.21 Z0.16 r2.372 10 11
chl a (mg L1) 1977–2007 0.093 0.01 0.68 0.178 13 14
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between water elevation of Jackﬁsh L. and annual total precipitation and rainfall for the previous year (i.e., 1 yr lag) (B). A signiﬁcant positive correlation between lake
elevation and precipitation (total and rainfall) was observed (rZ0.29, pr0.02, n¼66). Note lake elevation and precipitation are presented as Z-score values (B).
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lakes of much greater salinity (Waiser and Robarts, 1995). The TTs
of the freshwater lakes fell between 1 and 10 min. All but two TTs
measured on Jackﬁsh and Murray L. fell within this range,
implying that Jackﬁsh and Murray L. were strongly P-limited onmost sampling days. If Fe and Mo are the limiting nutrients in our
systems, we might expect P-limitation to be relaxed. However,
the turnover times of the PO4 pool for our study lakes and from
Basin and Redberry lakes wereo23 min. According to the phos-
phorus deﬁciency index (Lean and Pick, 1981; Lean et al., 1987)
Table 4
Pearson correlation (r) values between lake elevation and precipitation for corresponding years and for the previous year (i.e., 1 yr lag), and limnological variables [total
dissolved solids (TDS), total phosphorus (TP), dissolved organic carbon (DOC) and chlorophyll a (chl a)]. Also shown are the Pearson correlation values between chl a and
TP, TDS, and major ion (HCO3 , CO3
2 , Cl , Na+, SO4
2 , Mg2+) concentrations. Correlations are for standardized (Z-score) values. Note that the range denotes the time frame
in which data was collected, whereas n denotes the number of years within the time frame for which measurements were available. Signiﬁcant correlations are highlighted
in bold.
Lake Parameter 1 Parameter 2 Range (years) r p-value n
Jackﬁsh Lake elevation (m asl) Total precipitation (mm) 1920–2007 0.33 0.007 66
Snowfall (cm) 1920–2007 0.13 0.30 66
Rainfall (mm) 1920–2007 0.29 0.02 66
TDS (mg L1) 1940–2007 0.65 o0.001 24
TP (lg L1) 1971–2007 0.49 0.02 21
DOC (mg L1) 1992–2007 0.72 0.008 15
chl a (mg L1) 1974–2007 0.06 0.82 16
chl a (mg L-1) TP (mg Ll1) 1974–2007 0.28 0.29 16
TDS (mg L1) 1978–2007 -0.02 0.96 12
Major ions (mg L1) 1977–2007 r0.22 Z0.54 10
Murray chl a (mg L-1) TP (mg L1) 1977–2007 0.17 0.57 14
TDs (mg L1) 1977–2007 0.15 0.62 14
Major ions (mg L1) 1999–2007 r0.56 Z0.12 9
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and TDS was observed (r¼0.65, po0.001, n¼24). Also shown are the temporal trends between lake elevation, total phosphorus concentrations (TP) and dissolved
organic carbon concentrations (DOC) in Jackﬁsh L. Signiﬁcant negative correlations between lake elevation, TP (r¼0.49, p¼0.02, n¼21) and DOC (r¼0.72, p¼0.008,
n¼15) was observed. Note the rapid increase in DOC concentration until 2004 and then a rapid decline in concentration in 2005 that corresponds with an increase in
precipitation that started in 2003 and continued to increase to 2007. Note data is presented as Z-score values.
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Therefore, planktonic P-limitation was not relaxed, indicating that
both Fe and Mo may not be important limiting nutrients, unless
they are co-limiting with PO4.Discussion
Historical climatic and limnological data were obtained
from numerous sources. This, in combination with limnological
sampling only once a year during the growing season, may have
introduced variability into our results. However, the trends in the
local climate (i.e., temperature and precipitation) (Fig. 2) were
consistent with the prairie-wide studies by Zhang et al., 2000
and Millet et al., 2009. Moreover, trends in limnological variablesare consistent with the results of other studies on lakes within the
interior plains region (Webster et al., 1996; Laird et al. 2003; Salm
et al., 2009). Therefore, our results do not appear to be inﬂuenced
by the compilation of data from multiple sources nor through the
limited annual sampling.Trends in climate/limnology
The interior plains of North America have undergone cyclical
periods of arid and humid conditions (Fritz et al., 2000; Laird et al.
2003). Despite increases in snowfall (Fig. 3B), the Western
Canadian Prairies have recorded drier conditions over the last
century (Millet et al., 2009). Total precipitation has remained
unchanged while mean annual and mean annual minimum
temperatures have increased by 0.72 and 1.03 1C, respectively.
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Fig. 5. Predicted versus observed chlorophyll a concentrations in Jackﬁsh and Murray Lakes. (A) The model from Prairie et al. (1989) [log (chl a)¼0.39+0.87log (TP)] was
developed from North American and European temperate lakes, and is used to predict phytoplankton chlorophyll a concentrations from total phosphorus concentrations in
the two study lakes. Mean summer TP concentrations were used to predict chlorophyll a concentrations. Note that the majority of predicted chlorophyll a concentrations
for Jackﬁsh (n¼17) and Murray (n¼15) lakes are much greater than the observed concentrations. Also shown is particulate phosphorus in the planktonic food webs of
Jackﬁsh (n¼6), Murray (n¼5) and 54 freshwater lakes (Hudson and Taylor, 2005) (B). Despite low algal biomass (i.e., chl a), total planktonic biomass in Jackﬁsh and Murray
lakes is similar to that in the freshwater lakes.
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logical deﬁcits (i.e., precipitation – evapotranspirationo0).
As the hydrologic budget of prairie lakes is dominated by
precipitation and evaporation (Pham et al., 2008), lake eleva-
tion correlates well with precipitation levels (Fig. 3B, Table 4).
In turn, the salinity of prairie lakes negatively tracks lake
elevation, with salinity increasing as lake elevations decrease
(Fig. 4A, Table 4).
The salt concentration of saline lakes has been increasing in
Saskatchewan (Hammer et al., 1975; Hammer, 1990). Not
surprisingly, total dissolved solids in Jackﬁsh and Murray lakes
have also been rising slowly since the late 1930s from 1170 to a
maximum of 3510 mg L1 in Jackﬁsh Lake (in 2004), and from
747 to a maximum of 1379 mg L1 TDS in Murray lake (in 2003).
These increases in salinity are likely a consequence of declining
water levels, increased evaporation caused by rising tempera-
tures, and unchanging amounts of total precipitation. However,
the salinity in Jackﬁsh and Murray lakes has recently declined
(2005–2008) as a result of concurrent increases in precipitation
and water levels (Fig. 4A). The trends in water chemistry in our
study lakes are generally consistent with other prairie lakes.
Throughout the prairies, evaporation of surface water controls
concentrations of total dissolved substances in dry years, while
runoff and groundwater inputs exert control in wet years (Pham
et al., 2008). One of the driest years in the database was in 2001
(Fig. 3B). After 2001 (i.e., 2002–2007) total precipitation increased
and by 2005 total annual precipitation was greater than most
years (Fig. 3B). Interestingly, Jackﬁsh L. water levels continued to
drop until 2003 and did not respond to the rising precipitationuntil 2004 and 2005. In addition, the salinity in Jackﬁsh L. did not
start to decrease until 2005. Despite this recent wet period, the
long term trend has been an increase in salt concentrations in
both Jackﬁsh and Murray lakes (Table 3).
Similar to salinity, ﬂuctuations in DOC concentrations illus-
trate the strong connection and sensitivity of the water chemistry
in Jackﬁsh and Murray lakes to changes in climate. In addition,
these patterns illustrate the quantity of precipitation that is
required to curb the rise in salinity in both lakes under the current
warming trend. Concentrations of DOC ﬂuctuated the most
compared to other chemical variables, tripling from 1997 to
2004, and then in one year (2005) dropping back to the 1997
concentrations (Fig. 4B). However, with the exception of 2004, the
mass of DOC in Jackﬁsh L. did not increase. Thus, the rapid
increase in DOC concentration may be a direct result of the
concentrating effect of evaporation and declining lake volume.
The increase in both the mass and concentration of DOC in 2004
may be due to a large inﬂux of allocthonous DOC during spring
runoff, as snow fall in 2004 (151 cm) was one of the highest levels
recorded since 1919. A similar pattern, albeit of smaller
magnitude, also occurred for DOC in Murray L.
Both Jackﬁsh and Murray lakes have large area to volume (A:V)
ratios (Table 2), which makes them very susceptible to evapora-
tive water loss due to temperature changes. Past declines in water
level in either lake have caused a marked increase in the A:V. For
example, a hypothetical drop of two meters in depth results in an
increase in the A:V ratio of approximately 181% in Jackﬁsh and
130% in Murray L. The A:V ratio in Jackﬁsh L. is greater and
increases more rapidly when water levels decline, increasing the
J. Sereda et al. / Limnologica 41 (2011) 1–98climate exposure index (Magnuson et al., 1990). These declines in
water level would also lead to further increases in the rate of
surface water evaporation relative to the volume of water present.
Such conditions, combined with minimal discharge in recent
years, have shifted Jackﬁsh L. from an open to a closed system (i.e.
there was no discharge from Jackﬁsh L. from 1992 to 2006).
Closed basin systems are more sensitive to climate changes than
open basin systems (Williams, 1993), hence the rapid changes in
concentrations of salts, DOC and nutrients in recent times (Fig. 4).
Jackﬁsh lake had become a weakly saline system (TDS43000
mg L1) until 2004. Such increases in salinity may result in losses
in biodiversity. A rapid loss in species diversity occurs between
1000 and 10,000 mg L1 TDS (Rawson and Moore, 1944; Timms
et al., 1986; Hammer, 1990; Williams, 1998; Nielsen et al., 2003).
For example, based on the relationship between TDS and diversity
of littoral macrozoobenthos (Hammer, 1990, modiﬁed in Kalff
2002), we estimate that Jackﬁsh L. may have lost 30% of its
biodiversity in macrobenthos between 1930 and 2004 when
salinity increased (1170 to 3500 g L1 TDS). Similar losses may
be expected from other groups of organisms, such as zooplankton
and phytoplankton (Rawson and Moore, 1944). We expect climate
driven increases in salinity to be indirectly causing biodiversity
losses in all major groups of organisms inhabiting Jackﬁsh and
Murray lakes.
We used total particulate P to quantify planktonic biomass.
The total biomass in the plankton of Jackﬁsh and Murray L. is
similar to that found in a large (n¼54) and diverse set of Canadian
freshwater lakes (Hudson and Taylor, 2005) (Fig. 5B). However,
phytoplankton biomass was low in Jackﬁsh and Murray lakes in
comparison with other freshwater lakes (Fig. 5A) and has not
responded to increases in TP concentrations over time (Table 4).
Secchi disk depths have remained unchanged over the years of
study; further supporting our interpretation that algal biomass
has not increased with increases in TP.
A handful of hypotheses have been proposed to account for the
low algal biomass in saline lakes. Waiser and Robarts (1995) have
hypothesized that high pH in combination with elevated
concentrations of DOC and salt bind PO4 in prairie saline lakes,
rendering PO4 unavailable to phytoplankton. Jackﬁsh L. has high
pH (9.0), elevated concentrations of relatively colourless DOC
(32 mg L1) and salts (e.g., Mg2+, Na+ and SO4
2). The concentra-
tion of DOC and salts increased rapidly in the mid 1990s. Under
these changes the concentration of chlorophyll a would be
expected to decline if phosphorus was made less available due
to binding. However, a correlation between chlorophyll a
concentration and concentrations of solutes was not detected
(Table 4). Furthermore, chlorophyll a concentrations have
remained relatively constant (Table 3). Interestingly, algal bio-
mass was already low in the early 1970s when chlorophyll a
monitoring was started. This was long before the rapid increase in
salts and DOC, which began in the mid 1990s in Jackﬁsh and
Murray lakes. The pH has remained between 8–9 in both lakes
from 1977 to 2008. Therefore, sufﬁcient DOC and salts may have
been present since the early 1970s to have bound PO4 and limited
algal biomass for the duration of the data set. Nevertheless, such
low chlorophyll a in such dilute saline systems has not been noted
in the past.Conclusions
In summary, Jackﬁsh and Murray lakes have experienced a
warming in climate over the last century. During this period total
precipitation has remained relatively unchanged. Consequently,
lake elevation in Jackﬁsh L. has declined, and salt and nutrient
concentrations have increased. The long term increase in salinityhas probably resulted in a loss of biodiversity (Hammer, 1990;
Williams, 1998). Such climate driven changes have lead to
frequent increases in the area to volume ratio of Jackﬁsh and
Murray lakes (Table 2), which has made these lakes more
susceptible to further drought (indices of climatic exposure,
196 m and 46 m for Jackﬁsh and Murray, respectively). Although
nutrient concentrations have increased, algal biomass has not.
Algal biomass is much lower in both Jackﬁsh and Murray lakes
than would be predicted from freshwater nutrient models. In fact,
such low algal biomass has not been previously observed in such
dilute systems. Albeit indirect, the algal community in these
shallow Prairie lakes appears to be very sensitive to slight changes
in climate, and future climate driven increases in salinity of
prairie lakes may result in large reductions in algal primary
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